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1
SOLID ELECTROLYTE AND ALL-SOLID
BATTERY

CROSS REFERENCE TO RELATED
APPLICATIONS

The present application is a continuation of International
application No. PCT/JIP2017/004130, filed Feb. 3, 2017,
which claims priority to Japanese Patent Application No.
2016-021323, filed Feb. 5, 2016, the entire contents of each
of which are incorporated herein by reference.

FIELD OF THE INVENTION

The present invention relates to a solid electrolyte and an
all-solid battery.

BACKGROUND OF THE INVENTION

Heretofore, an all-solid battery has been known as a
secondary battery excellent in reliability and safety. For
example, Patent Document 1 discloses a ceramic material
containing lithium (Li), lanthanum (La), zirconium (Zr),
oxygen (O) and aluminum (Al), and having a garnet type
crystal structure as a ceramic material exhibiting denseness
and Li conductivity with a level of being usable as a solid
electrolyte material or the like.

Patent Document 1: Japanese Patent Application Laid-
Open No. 2011-51800

SUMMARY OF THE INVENTION

There is a demand for an all-solid battery to improve the
ionic conductivity of a solid electrolyte and to improve the
battery characteristics of the all-solid battery.

A main object of the present invention is to improve the
ionic conductivity of a solid electrolyte and to improve the
battery characteristics of an all-solid battery.

As a result of intensive research, the present inventors
have found that by adding at least one element selected from
the group consisting of Al, Mg, Zn and Sc to a solid
electrolyte that contains Li, La, Zr, O and Ga, and has a
garnet type crystal structure, the ionic conductivity of the
solid electrolyte can be improved, and this finding has now
led to the completion of the present invention.

That is, a solid electrolyte according to the present inven-
tion is a solid electrolyte having a garnet type crystal
structure that contains Li, La, Zr, O and Ga and at least one
element selected from the group consisting of Al, Mg, Zn
and Sc.

The solid electrolyte according to the present invention
has high ionic conductivity.

In the solid electrolyte according to the present invention,
a content of Ga is preferably more than 0 mol % and less
than 13.4 mol % with respect to a content of La. A total of
a content of the at least one element selected from the group
consisting of Al, Mg, Zn and Sc is preferably more than 0
mol % and less than 13.4 mol % with respect to the content
of La. It is preferred that a total of the content of Ga and the
content of the at least one element selected from the group
consisting of Al, Mg, Zn and Sc is more than 0.30 mol % and
less than 20 mol %.

In the solid electrolyte according to the present invention,
the content of Ga is preferably more than 0.66 mol % and
less than 6.67 mol % with respect to the content of La. It is
preferred that the total of the content of the at least one
element selected from the group consisting of Al, Mg, Zn
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and Sc is more than 0 mol % and less than 6.67 mol % with
respect to the content of La. It is preferred that the total of
the content of Ga and the content of the at least one element
selected from the group consisting of Al, Mg, Zn and Sc is
more than 0.33 mol % and less than 10 mol %.

In the solid electrolyte according to the present invention,
a content of Zr is preferably 50 mol % or more and 80 mol
% or less with respect to the content of La. A content of Li
is preferably 197 mol % or more and 280 mol % or less with
respect to the content of La.

The garnet type crystal structure is preferably represented
by general formula (Li;_,,,,,GaM,)LasZr,0,, (M is at
least one element selected from the group consisting of Al,
Mg, Zn and Sc, a is a valence of M, and 0<x<0.3, 0<y<0.3,
0.4<3x+ay<0.9).

The garnet type crystal structure is more preferably rep-
resented by general formula (Li; s, 5,,Ga M )La;Zr,0,,
(M is Al, 0<x<0.3, 0<y<0.3, 0.1<x/y<1, 0.6<3x+3y<0.9).

An all-solid battery according to the present invention
includes a solid electrolyte layer containing the solid elec-
trolyte according to the present invention, a positive elec-
trode joined to one surface of the solid electrolyte layer by
sintering, and a negative electrode joined to another surface
of the solid electrolyte layer by sintering.

As described above, the solid electrolyte according to the
present invention has high ionic conductivity. Therefore, the
solid electrolyte layer containing the solid electrolyte also
has high ionic conductivity. Accordingly, the all-solid bat-
tery according to the present invention is excellent in battery
characteristics such as power density.

The present invention can improve the ionic conductivity
of a solid electrolyte and improve the battery characteristics
of an all-solid battery.

BRIEF EXPLANATION OF THE DRAWINGS

FIG. 1 is a schematic cross-sectional view of an all-solid
battery according to an embodiment of the present inven-
tion.

FIG. 2 is a graph showing measurement results of AC
impedance of a solid electrolyte prepared in each of Com-
parative Example 1 and Example 2.

DETAILED DESCRIPTION OF THE
INVENTION

Hereinafter, examples of preferred embodiments of the
present invention will be described. However, the following
embodiments are merely examples, and the present inven-
tion is not limited to the following embodiments, but only by
the claims.

Further, in drawings referred to in the various embodi-
ments, substantially identical functional elements are
denoted by the same reference numbers. Further, the draw-
ings referred to in the embodiments are schematically
shown. The dimensional ratios and the like of objects
pictured in the drawings may be different from those of real
objects. The dimensional ratios and the like of an object may
also differ between drawings. Rather than relying on the
drawings, the dimensional ratios and the like of specific
objects should be determined in consideration of the fol-
lowing description.

FIG. 1 is a schematic cross-sectional view of an all-solid
battery 1 according to the present embodiment. As shown in
FIG. 1, the all-solid battery 1 includes a negative electrode
12, a positive electrode 11, and a solid electrolyte layer 13.
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The positive electrode 11 contains positive electrode
active material particles. Examples of the positive electrode
active material particles preferably used include lithium-
containing phosphate compound particles having a nasicon
type structure, lithium-containing phosphate compound par-
ticles having an olivine type structure, lithium-containing
layered oxide particles, lithium-containing oxide particles
having a spinel type structure and the like. Specific examples
of the lithium-containing phosphate compound having a
nasicon type structure and being preferably used include
Li;V,(PO,),, and the like. Specific examples of the lithium-
containing phosphate compound having an olivine type
structure and being preferably used include LisFe,(PO,);,
LiMnPO,, and the like. Specific examples of the lithium-
containing layered oxide particles preferably used include
LiCoO,, LiCo,,;Ni;;Mn, 0,, and the like. Specific
examples of the lithium-containing oxide having a spinel
type structure and being preferably used include LiMn,O,,
LiNi, sMn, O, Li,TisO,,, and the like. Only one kind of
these positive electrode active material particles may be
used, or a plurality of types of these positive electrode active
material particles may be mixed and used.

The positive electrode 11 may further contain a solid
electrolyte. The type of the solid electrolyte contained in the
positive electrode 11 is not particularly limited; however, it
is preferred to contain the same type of solid electrolyte as
the solid electrolyte contained in the solid electrolyte layer
13.

The negative electrode 12 contains negative electrode
active material particles. Specific examples of the negative
electrode active material particles preferably used include
compound particles represented by MO, (M is at least one
selected from the group consisting of Ti, Si, Sn, Cr, Fe, Nb
and Mo, and 0.9=X<2.0), graphite-lithium compound par-
ticles, lithium metal, lithium alloy particles, lithium-con-
taining phosphate compound particles having a nasicon type
structure, lithium-containing phosphate compound particles
having an olivine type structure, lithium-containing oxide
particles having a spinel type structure, and the like. Specific
examples of the lithium alloy preferably used include Li—
Al alloys and the like. Specific examples of the lithium-
containing phosphate compound having a nasicon type
structure and being preferably used include Li;V,(PO,);,
and the like. Specific examples of the lithium-containing
phosphate compound having an olivine type structure and
being preferably used include LijFe,(PO,);, and the like.
Specific examples of the lithium-containing oxide having a
spinel type structure and being preferably used include
Li,TisO,,, and the like Only one kind of these negative
electrode active material particles may be used, or a plurality
of types of these negative electrode active material particles
may be mixed and used.

The negative electrode 12 may further contain a solid
electrolyte. The type of the solid electrolyte contained in the
negative electrode 12 is not particularly limited; however, it
is preferred to contain the same type of solid electrolyte as
the solid electrolyte contained in the solid electrolyte layer
13.

The solid electrolyte layer 13 is disposed between the
positive electrode 11 and the negative electrode 12. That is,
the positive electrode 11 is disposed on one side of the solid
electrolyte layer 13, and the negative electrode 12 is dis-
posed on the other side. Each of the positive electrode 11 and
the negative electrode 12 is joined to the solid electrolyte
layer 13 by sintering. That is, the positive electrode 11, the
solid electrolyte layer 13 and the negative electrode 12 are
an integrally sintered body.
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The solid electrolyte contained in the solid electrolyte
layer 13 has a garnet type crystal structure. In the present
invention, the garnet type crystal structure includes not only
a crystal structure represented by A;B,C;0,, but also a
crystal structure including Li at a C site and also Li at an
interstitial site, that is, a crystal structure represented by
A;B,(C5_Li)Li,O,, in which 0=x<3 and O=sy=6.

The solid electrolyte layer 13 has a garnet type crystal
structure and contains Li, La, Zr, O and Ga and at least one
element selected from the group consisting of Al, Mg, Zn
and Sc. Therefore, the solid electrolyte layer 13 has high
ionic conductivity. Accordingly, the all-solid battery 1 hav-
ing the solid electrolyte layer 13 is excellent in battery
characteristics such as power density. Although the reason
for this is not clear, it is considered that at least one selected
from the group consisting of Al, Mg, Zn and Sc is located at
the Li site, Zr site or La site, thereby attaining high ionic
conductivity. When at least one selected from the group
consisting of Al, Mg, Zn and Sc is predominantly located at
the Li site, the effect of improving the ionic conductivity is
considered to be the highest; however, it is also considered
that the effect of improving the ionic conductivity is
obtained when some elements are located at the Zr site or La
site. Li, La, Zr, O and Ga, and a part of at least one element
selected from the group consisting of Al, Mg, Zn and Sc may
be present at the grain boundary as a composite oxide with
a Li salt or a constituent element.

A basic crystal structure of the solid electrolyte contained
in the solid electrolyte layer 13 is preferably a garnet type
represented by Li,La,Zr,O,,. However, a ratio of Li:La:
Zr:O in the oxide does not necessarily have to be 7:3:2:12
that is stoichiometric composition, and respective elements
may be partially deficient.

In the solid electrolyte contained in the solid electrolyte
layer 13, it is preferred that the total of the content of Ga and
the content of at least one element selected from the group
consisting of Al, Mg, Zn and Sc is more than 0.30 mol % and
less than 20 mol %. When the contents of these elements are
set to the above range, a cubic crystal that is a high-ionic
conduction phase in the garnet type crystal structure is
suitably retained and an ion path of Li is suitably formed,
and therefore higher ionic conductivity can be realized.
When the contents of these elements are too low, a cubic
crystal that is a high-ionic conduction phase in the garnet
type crystal structure is not suitably retained, and therefore
the ionic conductivity may be low. When the contents of
these elements are too high, the existence of Ga in the Li site
interferes the Li ion path, and the ionic conductivity may
decrease. From the viewpoint of realizing higher ionic
conductivity, the total of the content of Ga and the content
of at least one element selected from the group consisting of
Al, Mg, Zn and Sc is more than 3.33 mol % and less than
10 mol %.

In the solid electrolyte contained in the solid electrolyte
layer 13, the content of Ga is preferably more than 0 mol %
and less than 13.4 mol % with respect to the content of La.
When the content of Ga is set to the above range, it is
possible to stabilize the cubic crystal that is a high-ionic
conduction phase and to reduce impurity layers formed by
reaction of Ga with Li, La, Zr and O that are constituent
elements of the garnet type structure, and therefore higher
ionic conductivity can be realized. From the viewpoint of
realizing higher ionic conductivity, the content of Ga is
preferably more than 0.66 mol % and less than 6.67 mol %
with respect to the content of La.

In the solid electrolyte contained in the solid electrolyte
layer 13, the total of the content of at least one element



US 11,444,316 B2

5

selected from the group consisting of Al, Mg, Zn and Sc is
more than 0.30 mol % and less than 20 mol % with respect
to the content of La. When the content of at least one
element selected from the group consisting of Al, Mg, Zn
and Sc is set to the above range, the cubic crystal that is a
high-ionic conduction phase can be stabilized, and impurity
layers are formed by reaction of Al, Mg, Zn and Sc with Li,
La, Zr, and O that are constituent elements of the garnet type
structure, and therefore higher ionic conductivity can be
realized. From the viewpoint of realizing higher ionic con-
ductivity, the content of at least one element selected from
the group consisting of Al, Mg, Zn and Sc is preferably more
than 0 mol % and less than 6.67 with respect to the content
of La.

In the solid electrolyte contained in the solid electrolyte
layer 13, the content of Zr is preferably 50 mol % to 80 mol
% with respect to the content of La. When the content of Zr
is set to the above range, the solid electrolyte easily takes the
garnet type structure, and the content of Zr is more prefer-
ably 60 mol % to 70 mol % with respect to the content of La
from the viewpoint of realizing higher ionic conductivity.

In the solid electrolyte contained in the solid electrolyte
layer 13, the content of Li is preferably 197 mol % or more
and 280 mol % or less with respect to the content of La.
Further, when the solid electrolyte has Li La;Zr,0,,, it is
preferred that x satisfies the relationship of 5.9=<x<8.4. When
the content of Li is set to the above range, the solid
electrolyte easily takes the garnet type structure, and the
content of Li is more preferably 203 mol % or more and 220
mol % or less with respect to the content of La from the
viewpoint of realizing higher ionic conductivity.

From the viewpoint of realizing even higher conductivity,
the solid electrolyte contained in the solid electrolyte layer
13 is preferably a solid electrolyte represented by the general
formula (Li,_¢,,.,,Ga M )La;Zr,0,, (M is at least one
element selected from the group consisting of Al, Mg, Zn
and Sc, a is a valence of M, and 0<x<0.3, 0<y<0.3, 0.4<3x+
ay<0.9), and more preferably a solid electrolyte represented
by the general formula (Li;_;.,3,,Ga,M )La;Zr,0,, (M is
Al, 0<x<0.3, 0<y<0.3, 0.1<x/y<1, 0.6<3x+3y<0.9).

The reason why the Ga/Al ratio affects the ionic conduc-
tivity is not necessarily clear, but it is considered as follows.
There are two sites on the garnet-type Li site, that is, [i 1 site
and Li 2 site. It is considered that Ga and Al added this time
occupy the Li site, but the occupancies of Ga and Al to these
two sites are presumed to be different between Ga and Al.
When the addition ratio of Ga and Al changes, the balance
between occupation of the two Li sites changes, which is
considered to change the conductivity by causing a differ-
ence in Li conduction path and Li site occupancy. When x/y
and (3x+3y) are set to the above ranges, it is considered that
the Li conduction path that is advantageous for L.i conduc-
tion, and the Li site occupancy are achieved and the con-
ductivity is improved.

The stoichiometric ratio of Li in the solid electrolyte is
preferably (7-(3x+ay), but in the case of the garnet type
compound, it is difficult to strictly control the amount of Li
because of the influence of Li deficiency at the time of
sintering and a trace amount of impurities formed at the
grain boundary. As a result of intensive research by the
present inventors, it has been found that when the amount of
Li contained in the solid electrolyte is within a certain range
with respect to the stoichiometric ratio, the ionic conduc-
tivity does not decrease greatly. Specifically, it is preferable
that the amount of Li is in the range of about +10 mol %, and
more preferably about +3 mol %, with respect to the
stoichiometric ratio of Li of 7-(3x+ay) in the solid electro-
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lyte. Accordingly, in the present invention, the solid elec-
trolyte is preferably a solid electrolyte represented by the
general formula (Li;_.,,,,Ga.M )La;Zr,0,, (M is at least
one element selected from the group consisting of Al, Mg,
Zn and Sc, a is a valence of M, and 0<x<0.3, 0<y<0.3,
0.4<3x+ay<0.9), and the solid electrolyte represented by the
general formula (Li; 5, 5,Ga M )La;Zr,0,, (M is Al
0<x<0.3, 0<y<0.3, 0.1<x/y<1, 0.6<3x+3y<0.9) includes a
solid electrolyte in which the amount of Li is in the range of
about £10 mol % with respect to the stoichiometric ratio of
Li of 7-(3x+ay).

(Method for Manufacturing Solid Electrolyte)

Next, an example of a method for manufacturing the solid
electrolyte will be described.

First, a raw material as a Li source, a raw material as a Zr
source, a raw material as a La source, and raw materials of
Ga and at least one element selected from the group con-
sisting of Al, Mg, Zn, and Sc are weighed in a desired ratio
and mixed. The resulting mixed powder is calcined to
prepare a calcined body. A solid electrolyte can be obtained
by firing the resulting calcined body. First, raw materials of
Ga and at least one element selected from the group con-
sisting of Al, Mg, Zn and Sc may be added at the stage after
preparing a garnet-type crystal phase and before sintering.
This makes it possible to accurately control the amount of
Ga and at least one element selected from the group con-
sisting of Al, Mg, Zn and Sc to be added.

(Method for Manufacturing All-Solid Battery 1)

Next, an example of a method for manufacturing the
all-solid battery 1 will be described.

First, a paste is prepared by appropriately mixing a
solvent, a resin, and the like with active material particles
and a solid electrolyte. The paste is applied onto a sheet and
dried to form a first green sheet for constituting the positive
electrode 11. Similarly, a second green sheet for forming the
negative electrode 12 is formed.

A paste is prepared by appropriately mixing a solvent, a
resin, and the like with a solid electrolyte. The paste is
applied and dried to prepare a third green sheet for consti-
tuting the solid electrolyte layer 13.

Next, the first to third green sheets are appropriately
laminated to prepare a laminate. The prepared laminate may
be pressed. Preferred pressing methods include isostatic
pressing and the like.

Thereafter, the all-solid battery 1 can be obtained by
sintering the laminate.

The present invention will be described in more detail
below based on specific examples, but the present invention
is not limited to the following examples at all, and variations
and modifications may be appropriately made without
departing from the gist of the invention.

Comparative Example 1

A Material containing lithium hydroxide monohydrate
(LiOH—H,0), aluminum oxide (Al,O;), lanthanum
hydroxide (La(OH);), and zirconium oxide (ZrO,) was
weighed so as to have composition shown in Table 1
described below. Next, water was added, and the resultant
was enclosed in a 100 ml polyethylene pot made of poly-
ethylene and rotated on a pot rack at 150 rpm for 16 hours
to mix the raw materials. In addition, lithium hydroxide
monohydrate LiOH—H,O as a Li source was charged in
excess of 5 mass % with respect to the target composition in
consideration of Li deficiency at the time of sintering.

Then, the resulting slurry was dried and then calcined in
a mixed gas of nitrogen gas and air at 900° C. for 5 hours.
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Next, a mixed solvent of toluene and acetone was added
to the resulting calcined product, and the mixture was
pulverized with a planetary ball mill for 6 hours to obtain a
solid electrolyte.

Next, the solid electrolyte, a butyral resin and alcohol
were mixed at a mass ratio of 200:15:140, and then alcohol
was removed on a hot plate at 80° C. to obtain a solid
electrolyte powder coated with the butyral resin serving as
a binder.

Next, the solid electrolyte powder coated with the butyral
resin was pressed at 90 MPa using a tablet molding machine,
and formed into a tablet shape. The resulting solid electro-
lyte in a tablet shape was adequately covered with a mother
powder, sandwiched between two ZrO, setters, and fired at
atemperature of 500° C. in an oxygen atmosphere to remove
the butyral resin. Then, the temperature was raised to about
1100° C. in an oxygen atmosphere, and the mixture was fired
at 1100° C. for 3 hours. Thereafter, a sintered body of the
solid electrolyte (solid electrolyte layer) was obtained by
lowering the temperature. A dense sintered body having a
bulk density of about 4.8 g/cm® to 5.0 g/cm® could be
prepared by preparing a sintered body of the solid electrolyte
through the above method.

Example 1

A solid electrolyte layer was prepared in the same manner
as in Comparative Example 1 except that a raw material
containing lithium hydroxide monohydrate (LiOH—H,0),
gallium oxide (Ga,O;), magnesium oxide (MgO), lantha-
num hydroxide (La(OH),), and zirconium oxide (ZrO,) was
weighed so as to have composition shown in Table 1
described below.

Example 2

A solid electrolyte layer was prepared in the same manner
as in Comparative Example 1 except that a raw material
containing lithium hydroxide monohydrate (LiOH—H,0),
gallium oxide (Ga,Oj;), aluminum oxide (Al,0;), lanthanum
hydroxide (La(OH);), and zirconium oxide (ZrO,) was
weighed so as to have composition shown in Table 1
described below.

Example 3

A solid electrolyte layer was prepared in the same manner
as in Comparative Example 1 except that a raw material
containing lithium hydroxide monohydrate (LiOH—H,0),
gallium oxide (Ga,0;), scandium oxide (Sc,0;), lanthanum
hydroxide (La(OH);), and zirconium oxide (ZrO,) was
weighed so as to have composition shown in Table 1
described below.

(Measurement of Ionic Conductivity of Solid Electrolyte
Layer)

The ionic conductivity of the solid electrolyte layer pre-
pared in each of comparative example and Examples 1 to 3
was measured in the following manner.
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First, a platinum (Pt) layer serving as a current collector
layer was formed on both surfaces of a sintered tablet (solid
electrolyte layer) by sputtering, and then sandwiched by a
current collector made of SUS and fixed. Thereafter, an AC
impedance was measured at room temperature (25° C.) in
the range of 0.1 MHz to 1 MHz (x50 mV) to evaluate ionic
conductivity. The results are shown in Table 1.

In addition, FIG. 2 shows a graph (Nyquist plot) showing
measurement results of the AC impedance of the solid
electrolyte prepared in each of Comparative Example 1 and
Example 2.

TABLE 1
Composition of Tonic
Solid Electrolyte Conductivity

Comparative Lig 34Alg »5La3Zr,05 4.0 x 107% S/em

Example 1

Example 1 Lig 34Ga0 17Mgo 0751837150, 1.5 x 107 S/cm
Example 2 Lig 34Gag, 10Alg 151.3371,0 5 2.1 x 107° S/em
Example 3 Lig 34Ga0,175¢0.05L83Z1,0 5 1.7 x 107 S/em

From the results shown in Table 1, it can be seen that ionic
conductivity can be increased by containing Ga, Al, Mg or
Sc. The same effect can be expected also when Zn having the
same valence and the same ionic radius as Mg is contained.

Example 4

A solid electrolyte layer was prepared in the same manner
as in Comparative Example 1 except that a raw material
containing lithium hydroxide monohydrate (LiOH—H,0),
gallium oxide (Ga,0;), aluminum oxide (Al,O,), lanthanum
hydroxide (La(OH);), and zirconium oxide (ZrO,) was
weighed so as to have composition shown in Table 2
described below, and the ionic conductivity was measured
by the above method. The results are shown in Table 2.

Example 5

A solid electrolyte layer was prepared in the same manner
as in Comparative Example 1 except that a raw material
containing lithium hydroxide monohydrate (LiOH—H,0),
gallium oxide (Ga,0;), aluminum oxide (Al,O,), lanthanum
hydroxide (La(OH);), and zirconium oxide (ZrO,) was
weighed so as to have composition shown in Table 2
described below, and the ionic conductivity was measured
by the above method. The results are shown in Table 2.

Example 6

A solid electrolyte layer was prepared in the same manner
as in Comparative Example 1 except that a raw material
containing lithium hydroxide monohydrate (LiOH—H,0),
gallium oxide (Ga,0;), aluminum oxide (Al,0,), lanthanum
hydroxide (La(OH);), and zirconium oxide (ZrO,) was
weighed so as to have composition shown in Table 2
described below, and the ionic conductivity was measured
by the above method. The results are shown in Table 2.

TABLE 2

Composition

Tonic Conductivity
AlLa (%) Ga/La (%) (25° C.)

Comparative Lig 3,Alq 5,1.8;371,0 5 7.33 0 3.0 x 1074 S/cm
Example 1

Example 4  Lig 3,Gag oAlg 0oLasZr,0 5 0.667 633 1.7 x 107 S/em
Example 2 Lig 34Ga 10Alg, 15La3Z150 5 4.00 333 2.1 x 1073 S/em
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TABLE 2-continued
Tonic Conductivity
Composition Al/La (%) Ga/La (%) (25° C.)
Example 5 Lig34Ga0.05Alg 1718321505 5.67 1.67  2.5x 107 S/cm
Example 6  Lig 3,Gag grAlg0la;Z,0 5 6.67 0.667 8.3 x 107°* S/em
From the results shown in Table 2, it is found that the TABLE 3

change in the ionic conductivity is obtained when the
content of Ga and the content of Al are changed, with the
total of the contents of Ga and Al being constant. From the
results shown in Table 2, it is found that the ionic conduc-
tivity can be greatly improved by increasing the content of
Al to more than 0.66 mol % with respect to the content of
La. Further, it is found that the conductivity decreases as the
amount of Ga becomes less than 0.67 mol % with respect to
the content of La. Therefore, the content of Ga is preferably
more than 0.66 mol %. In the region where the content ratio
of Ga to Al is more than 0.1 and less than 1, the conductivity
is almost maximized, which is more preferable.

Example 7

A solid electrolyte layer was prepared in the same manner
as in Comparative Example 1 except that a raw material
containing lithium hydroxide monohydrate (LiOH—H,0),
gallium oxide (Ga,O,), aluminum oxide (Al,Oy), lanthanum
hydroxide (La(OH);), and zirconium oxide (ZrO,) was
weighed so as to have composition shown in Table 3
described below, and the ionic conductivity was measured
by the above method. The results are shown in Table 3.

Example 8

A solid electrolyte layer was prepared in the same manner
as in Comparative Example 1 except that a raw material
containing lithium hydroxide monohydrate (LiOH—H,0),
gallium oxide (Ga,O,), aluminum oxide (Al,Oy), lanthanum
hydroxide (La(OH);), and zirconium oxide (ZrO,) was
weighed so as to have composition shown in Table 3
described below, and the ionic conductivity was measured
by the above method. The results are shown in Table 3.

Example 9

A solid electrolyte layer was prepared in the same manner
as in Comparative Example 1 except that a raw material
containing lithium hydroxide monohydrate (LiOH—H,0),
gallium oxide (Ga,O,), aluminum oxide (Al,Oy), lanthanum
hydroxide (La(OH),), and zirconium oxide (ZrO,) was
weighed so as to have composition shown in Table 3
described below, and the ionic conductivity was measured
by the above method. The results are shown in Table 3.

Example 10

A solid electrolyte layer was prepared in the same manner
as in Comparative Example 1 except that a raw material
containing lithium hydroxide monohydrate (LiOH—H,0),
gallium oxide (Ga,Oj;), aluminum oxide (Al,0;), lanthanum
hydroxide (La(OH);), and zirconium oxide (ZrO,) was
weighed so as to have composition shown in Table 3
described below, and the ionic conductivity was measured
by the above method. The results are shown in Table 3.
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Composition of
Solid Electrolyte

Tonic Conductivity
(25° C.)

Example 7 Lig 6:Ga0,03Alg.01La3Z150;5, 2.0 x 107 S/em
Example 8 Lig 5G9 0aAlg 5L3371,0,, 1.0 x 107 S/em
Example 5 Lig 34Ga,05Alg 17183715015 2.5 x 107 S/em
Example 9 Lig 25Ga0,06Al0 15183715015 2.0 x 107 S/em
Example 10 Lig 10Ga0.07Alg 2318321505, 6.5 x 107 S/em

From the results shown in Table 3, it is found that the
change in the ionic conductivity is obtained when the total
of the contents of Ga and Al is changed, with Ga:Al being
approximately 1:3. From the results shown in Table 3, it is
found that high ionic conductivity can be attained when the
content of Li is more than 6.1 and less than 6.6 (that is,
0.4<3x+ay<0.9). It is found that higher ionic conductivity
can be attained when 3x+ay satisfies 0.6<3x+ay<0.9.

DESCRIPTION OF REFERENCE SYMBOLS

1: All-solid battery

11: Positive electrode

12: Negative electrode
13: Solid electrolyte layer

The invention claimed is:

1. A solid electrolyte comprising a garnet type crystal
structure  represented by  (Li;_s,,5,,Ga,Sc )LasZr,0,,
where o is a valence of Sc, and 0<x<0.3, 0<y<0.3, 0.4<3%x+
ay<0.9.

2. The solid electrolyte according to claim 1, wherein

a first content of Ga is more than 0 mol % and less than
13.4 mol % with respect to a second content of La,

a total of a third content of the Sc is more than 0 mol %
and less than 13.4 mol % with respect to the second
content of La, and

a total of the first content of Ga and the third content of
the Sc is more than 0.30 mol % and less than 20 mol
% in the garnet type crystal structure.

3. The solid electrolyte according to claim 2, wherein

the first content of Ga is more than 0.66 mol % and less
than 6.67 mol % with respect to the second content of
La,

the total of the third content of the Sc is more than 0 mol
% and less than 6.67 mol % with respect to the second
content of La, and

the total of the first content of Ga and the third content of
the Sc is more than 0.33 mol % and less than 10 mol
% in the garnet type crystal structure.

4. The solid electrolyte according to claim 3, wherein

a fourth content of Zr is 50 mol % to 80 mol % with
respect to the second content of La, and

a fifth content of Li is 197 mol % to 280 mol % with
respect to the second content of La.

5. The solid electrolyte according to claim 4, wherein

the fourth content of Zr is 60 mol % to 70 mol % with
respect to the second content of La, and

the fifth content of Li is 203 mol % to 220 mol % with
respect to the second content of La.
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6. The solid electrolyte according to claim 1, wherein a
first content of Ga is more than 0 mol % and less than 13.4
mol % with respect to a second content of La.

7. The solid electrolyte according to claim 6, wherein the
first content of Ga is more than 0.66 mol % and less than
6.67 mol % with respect to the second content of La.

8. The solid electrolyte according to claim 1, wherein a
total of a first content of the Sc is more than 0 mol % and
less than 13.4 mol % with respect to a second content of La.

9. The solid electrolyte according to claim 8, wherein the
total of the first content of the Sc is more than 0 mol % and
less than 6.67 mol % with respect to the second content of
La.

10. The solid electrolyte according to claim 1, wherein a
total of a first content of Ga and a second content of the Sc
is more than 0.30 mol % and less than 20 mol % in the garnet
type crystal structure.

11. The solid electrolyte according to claim 10, wherein
the total of the first content of Ga and the second content of
the Sc is more than 0.33 mol % and less than 10 mol % in
the garnet type crystal structure.

12. The solid electrolyte according to claim 1, wherein a
first content of Zr is 50 mol % to 80 mol % with respect to
a second content of La.

13. The solid electrolyte according to claim 12, wherein
the first content of Zr is 60 mol % to 70 mol % with respect
to the second content of La.

14. The solid electrolyte according to claim 1, wherein a
first content of Li is 197 mol % to 280 mol % with respect
to a second content of La.
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15. The solid electrolyte according to claim 14, wherein
the first content of Li is 203 mol % to 220 mol % with
respect to the second content of La.

16. An all-solid battery comprising:

a solid electrolyte layer containing the solid electrolyte

according to claim 1;

a positive electrode joined to a first surface of the solid
electrolyte layer; and

a negative electrode joined to a second surface of the solid
electrolyte layer.

17. The all-solid battery according to claim 16, wherein
a first content of Ga is more than 0 mol % and less than
13.4 mol % with respect to a second content of La,

a total of a third content of the Sc is more than 0 mol %
and less than 13.4 mol % with respect to the second
content of La, and

a total of the first content of Ga and the third content of
the Sc is more than 0.30 mol % and less than 20 mol
% in the garnet type crystal structure.

18. The all-solid battery according to claim 17, wherein

the first content of Ga is more than 0.66 mol % and less
than 6.67 mol % with respect to the second content of
La,

the total of the third content of the Sc is more than 0 mol
% and less than 6.67 mol % with respect to the second
content of La, and

the total of the first content of Ga and the third content of
the Sc is more than 0.33 mol % and less than 10 mol
% in the garnet type crystal structure.

#* #* #* #* #*



